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RhoA is known to participate in cytoskeletal remodeling events through several signaling pathways, yet the
precise mechanism of its activation remains unknown. Here, we provide the first evidence that dematin functions
upstream of RhoA and regulates its activation. Primary mouse embryonic fibroblasts were generated from a
dematin headpiece domain null (HPKO) mouse, and the visualization of the actin morphology revealed a time-
dependent defect in stress fiber formation, membrane protrusions, cell motility, and cell adhesion. Rescue exper-
iments using RNA interference and transfection assays revealed that the observed phenotypes are due to a null effect
and not a gain of function in the mutant fibroblasts. In vivo wounding of adult HPKO mouse skin showed a decrease
in wound healing (reepithelialization and granulation) compared to the wild-type control. Biochemical analysis of
the HPKO fibroblasts revealed a sustained hyperphosphorylation of focal adhesion kinase (FAK) at tyrosine 397 as
well as a twofold increase in RhoA activation. Inhibition of both RhoA and FAK signaling using C3 toxin and FRNK
(focal adhesion kinase nonrelated kinase), respectively, revealed that dematin acts upstream of RhoA. Together,
these results unveil a new function of dematin as a negative regulator of the RhoA activation pathway with
physiological implications for normal and pathogenic signaling pathways.

Dematin is an actin binding/bundling protein that was first
isolated and characterized from the human erythrocyte mem-
brane (16, 27). Purification of dematin from erythrocytes re-
vealed a trimeric protein assembled by two polypeptides of 48
kDa and a 52-kDa polypeptide (15, 16). Each isoform consists
of an actin binding headpiece domain at the C terminus and an
N-terminal “core” domain (2). The headpiece domain is ho-
mologous to the headpieces of several proteins such as villin, a
protein that is thought to be important for microvillus forma-
tion in the gastrointestinal tract (6, 23). The current model of
the erythrocyte membrane places dematin at the junctional
complex containing actin/spectrin and specifies that dematin is
responsible for maintaining the shape and integrity of the
erythrocyte (5, 7). Biochemical characterization of dematin has
shown that it exhibits phosphorylation-dependent actin bun-
dling activity (15, 16). The generation of the dematin head-
piece knockout (HPKO) mouse permitted physiological eval-
uation of dematin’s function in erythrocytes (17). The mutant
mice exhibit mild spherocytosis and anemia, and the erythro-
cytes are osmotically fragile and mechanically unstable (17).
Dematin is expressed predominantly in the hematopoietic
(erythrocytes, platelets, and lymphocytes), cardiac, and vascu-
lar cells; brain; endothelial and epithelial cells; skeletal muscle;
and kidney cells (1). The broad expression of dematin suggests
that it may play a significant role in the regulation of the actin
cytoskeleton in nonerythroid cells.

The overexpression of the core domain of dematin results in
cytoplasmic shrinkage and extensive filopodial extensions,
whereas overexpression of the headpiece domain results in

lamellopodial and filopodial extensions (22). These defects
suggest that dematin may play a conserved regulatory role in
the cytoskeletal rearrangements. The most widely studied reg-
ulators of the actin cytoskeleton include the small family of
Rho GTPases, Rac1, Cdc42, and RhoA, which cycle through
an inactive GDP-bound state and an active GTP-bound state.
RhoA has been extensively studied in a variety of biological
processes including cell division, cell motility, and trafficking of
receptors to the cell membrane (11). Activation of RhoA can
be induced by a multitude of stimuli, including integrin-depen-
dent cell adhesion and serum-dependent activation via the
lysophosphatidic acid receptor (18). The downstream effector
proteins of RhoA, the Rho-associated kinases and the nonki-
nase Rho effector protein mDia 1, directly regulate actin stress
fiber formation (29). In addition to its effects on the actin
cytoskeleton, RhoA also participates in the assembly of focal
adhesions following cell-matrix interactions (4). It has been
demonstrated, using the Rho-specific inhibitor C3 toxin, that
RhoA signaling is involved in phosphorylation of focal adhe-
sion kinase (FAK), a tyrosine kinase (18). In this study, we
report a functional role for dematin in the regulation of cell
shape and motility in nonerythroid cells derived from the de-
matin-expressing HPKO mice. Importantly, we provide the
first evidence for a novel role of dematin as a suppressor of
RhoA activation with physiological implications for the regu-
lation of cytoskeletal arrangements in vivo.

MATERIALS AND METHODS

Cell culture, plasmids, and transfections. Mouse embryonic fibroblasts
(MEFs) were isolated from HPKO and normal (wild-type [WT]) C57BL mice at
embryonic day 13.5. Cells were cultured in Dulbecco’s modified Eagle medium–
10% fetal bovine serum for three passages prior to use. The cDNA for full-length
dematin and the headpiece domain was subcloned into the pcDNA3-GFPmyc
mammalian expression vector. Lipofectamine 2000 was used for transfection of
cDNA constructs. A GTPase-linked immunosorbent assay kit for RhoA was
purchased from Cytoskeleton Inc.
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Immunofluorescence and Western blotting. Monoclonal antibody against the
core domain of human dematin was used (17). Alexa-conjugated antibodies were
purchased from Molecular Probes. Monoclonal antibodies for FAK (A17) and
polyclonal antibody pFAKY397 were from Santa Cruz, and monoclonal anti-
bodies for Rac1, Cdc42, and RhoA were purchased from Cell BioLabs. �-Tu-
bulin and �-actin monoclonal antibodies were purchased from Sigma. For de-
tection of dematin by Western blotting, cells were treated with proteasome
inhibitors lactacystin (10 �M) and MG-132 (5 �M) for 6 h. Cytosolic and
membrane fractions were isolated by sonication of cells in lysis buffer (250 mM
sucrose, 2 mM EDTA, 2 mM EGTA, 10 mM dithiothreitol, 1 mM phenylmethyl-
sulfonyl fluoride, and a protease inhibitor cocktail). The lysate was centrifuged
for 1 h at 45,000 rpm and 4°C. The supernatant containing the cytosolic fraction
was removed. The remaining cell pellet was resuspended in lysis buffer contain-
ing 1% Triton X-100. The centrifugation was repeated, and the supernatant
containing the membrane fraction was removed.

GTPase activation and adhesion assays. Analysis of Rac1, Cdc42, and RhoA
activation was performed as previously described (3, 24). Inhibition of RhoA was
performed by incubating cells in 7 �g/ml of cell-permeable C3 toxin (Cytoskel-
eton Inc.) for 3 h. Cells were also treated with 10 �M of Rho kinase inhibitor
Y27632 (Calbiochem) for 1 h. Inhibition of FAK by FAK-related nonkinase
(FRNK) was performed by Lipofectamine-based transfection of the cDNA con-
struct of FRNK. Cell adhesion to fibronectin (FN) was measured using a crystal
violet adhesion assay (13).

Motility and wound healing. For the in vitro wound healing assay, a confluent
monolayer of cells was serum starved overnight and a scratch was introduced
with a plastic pipette tip. Serum-containing media were reintroduced to the cells,
and images of cell migration into the wound were captured until the wound was
closed. Quantification of cell migration was done by measuring the distance
between 10 random points within the wound edge. In vivo wound healing was
performed on six mice from each genotype as described previously (10). Each

mouse was anesthetized with 50 mg/kg of body weight of pentobarbital sodium
(Nembutal), followed by six full-thickness dermal punch wounds (3 mm in di-
ameter). At specific times after injury, mice were euthanized and the wounds
were harvested for analysis. Each 3-mm wound was removed from the skin using
a 5-mm-diameter punch. Individual wounds from each animal were processed by
hematoxylin and eosin (HE) staining.

RNAi and real-time PCR. Two 25-mer stealth small interfering RNAs
(siRNAs; RC1 and RC2) were designed through the Invitrogen RNA interfer-
ence (RNAi) design algorithm, (RC1, 5�CCTCATCATGAATCCTCCAAGTT
T3�; RC2, 5�TCCAACTTGGGAAAGATGATCTTGA3�). The siRNAs were
optimal after 2 days of transfection at a 40 nM final concentration. Optimization
and verification of dematin knockdown were performed using real-time PCR.
Total RNA from RC1- and RC2-treated cells was collected with TRIzol (In-
vitrogen). Total RNA was converted to cDNA using oligo(dT) primers. cDNA
(500 ng) was used for real-time PCR. Real-time PCR was performed using
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and dematin primers and
Applied Biosystems 2� Sybr green PCR master mix. The ��CT values (CT,
threshold cycle) and percent knockdown were quantified and normalized to
those for GAPDH.

RESULTS

Dematin is expressed in MEFs. To examine the role of
dematin in nonerythroid cells, a MEF primary cell line was
generated from WT, C57, and HPKO mice. Since dematin
contains a PEST motif (1, 25), immunodetection of dematin
required the use of proteasome inhibitors MG-132 and lacta-
cystin, as well as a protease inhibitor cocktail. Western blot

FIG. 1. Immunodetection of dematin and morphological defect in HPKO (KO) MEFs. (A) Western blot showing dematin expression in WT
and HPKO MEFs treated with proteasome inhibitors (PI) MG132 and lactacystin and a protease inhibitor cocktail (PC). �-Tubulin was used as
a loading control. (B) Immunofluorescence of WT and HPKO MEFs plated overnight. F-actin was visualized with phalloidin (green) and dematin
(red) using a dematin monoclonal antibody. Magnification, �20. The magnified bottom panels are at �60. (C) WT and HPKO MEFs were stained
for F-actin (red). WT and HPKO cells show no obvious phenotypic difference after 24 h of plating. Magnification, �20; bar, 5 �m. In contrast,
HPKO cells plated for 3 h and stained for F-actin show a marked phenotypic difference. Magnification, �40; bar, 10 �m. (D) Quantification of
cell morphology. MEFs were counted and grouped into “round,” “spiky,” and “other” categories.
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analysis revealed a 48-kDa immunoreactive band in WT MEFs
and a 37-kDa band in HPKO MEFs (Fig. 1A). The expression
of truncated dematin in HPKO MEFs was �50% less than that
in WT MEFs. Immunolocalization of dematin in WT fibro-
blasts showed that dematin is located in the perinuclear com-
partment and in the cytosol, as well as in the membrane pro-
trusions (Fig. 1B). In HPKO MEFs, truncated dematin is
found in less abundance. It is not found in membrane protru-
sions; however, the truncated dematin is detectable in the
perinuclear compartments of MEFs. Moreover, F-actin and
dematin did not show a specific colocalization pattern, suggest-
ing that dematin may not directly interact with F-actin in MEFs
under these conditions.

HPKO MEFs show a morphology defect. To determine the
effect of dematin mutation on cell shape changes, MEF mor-
phology was assessed by F-actin staining with phalloidin (Fig.
1C). MEFs were plated and fixed over a time course of 24 h.
After 3 h, WT MEFs show a rounded cell shape, whereas the
HPKO MEFs exhibit a spiky morphology with a high fre-
quency of membrane protrusions and stress fiber formation.
After 24 h, the HPKO MEFs show an elongated morphology
similar to that of the WT MEFs (Fig. 1C). Quantification of
cell shape confirmed that the occurrence of the spiky pheno-
type in the HPKO fibroblasts is significantly higher than in the
WT cells (Fig. 1D).

HPKO MEF morphology can be rescued. To determine if
the HPKO phenotype is a direct consequence of the loss of
dematin function, fibroblasts were transfected with specific
dematin constructs (Fig. 2A). Fibroblasts were plated for 3 h
and fixed and stained for F-actin (red). HPKO MEFs trans-
fected with the enhanced green fluorescent protein and
pcDNA3 vectors showed no change in morphology. HPKO
fibroblasts transfected with the headpiece domain (HP) of
dematin showed reduced occurrence of the spiky phenotype
and an incomplete reversion to the WT cell morphology (Fig.
2A). Furthermore, HPKO fibroblasts transfected with the full-
length 48-kDa isoform of dematin show a complete reversion
back to the WT round cell phenotype. The WT cells exhibit
two distinctive cell shapes: the more common round and the
less common “elongated and spread” morphology, classified

here as “other.” In contrast, a significant percentage of HPKO
cells show the spiky phenotype and less than 8% of HPKO cells
show a round or “other” phenotype. Quantification of cell
shape (n � 200 cells) revealed that �40% of cells transiently
transfected with the full-length dematin exhibit a WT round
morphology (Fig. 2A).

The morphology defect is reproduced in siRNA-treated
MEFs. To further verify the observed phenotypes, an RNAi
approach was pursued. Two 25-mer stealth siRNAs (RC1 and
RC2) that specifically target two sites within the core domain
of dematin were generated (Fig. 2B). RC1 and RC2 were used
separately (40 nM) and in combination (20 nM each) to spe-
cifically knock down the expression of dematin. A fluorophore-
conjugated negative control siRNA was also used to determine
any off-target effects, as well as the transfection efficiency,
which approached �75%. Quantitative real-time PCR deter-
mined the relative knockdowns of dematin in fibroblasts (Fig.
2B). WT and HPKO fibroblasts treated with RC1 attained
23% and 37% knockdown of dematin, respectively, whereas
the RC2-treated WT and HPKO fibroblasts attained knock-
downs of 70% and 90%, respectively. The fibroblasts treated
with the combined RC1/RC2 showed substantial reductions:
85% in WT fibroblasts and 90% in the HPKO fibroblasts (Fig.
2B). Reduced protein expression was confirmed by Western
blotting of cells treated with RC2 and RC1/RC2 using �-actin
as a loading control (Fig. 2C). Due to the successful knock-
down of dematin using RC2 and the combined RC1/RC2,
these siRNAs were used for the morphology assays (Fig. 2D).
MEFs treated with the negative control scrambled siRNA did
not show any nonspecific effects. WT cells treated with RC2
and RC1/RC2 showed the spiky phenotype similar to that
observed in the HPKO fibroblasts (Fig. 2D). It is noteworthy
that, compared to fibroblasts with the genetic deletion of the
dematin headpiece, the RC2- and RC1/RC2-treated fibro-
blasts appear to show a stronger phenotype with more-pro-
nounced membrane protrusions. Since the untreated HPKO
fibroblasts express the residual core domain, these experiments
suggest that the core domain of dematin does not act in a
gain-of-function manner.

FIG. 2. Transfection-based rescue and RNAi-induced morphological defect. (A) Morphology rescue using dematin-green fluorescent protein
(GFP) constructs transfected into HPKO (KO) MEFs. Magnification, �40. (B) RNAi probes targeted to the core domain (RC1 and RC2) were
used to knock down the expression of full-length (FL) dematin in WT cells and core domain expression in HPKO cells. Real-time PCR
quantification of RNAi-induced knockdown of dematin in WT and KO MEFs is shown. (C) Western blot of dematin in siRNA-treated WT and
HPKO MEFs. �-Actin was used as a loading control. (D) Actin morphology of siRNA-treated WT and HPKO MEFs plated for 3 h. Scrambled
siRNA was used as a negative control (CTL). EGFP, enhanced GFP. Magnification, �40.
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HPKO MEFs exhibit delayed cell migration. Fibroblast mo-
tility was assessed by a scratch-induced wound healing assay
(Fig. 3A). WT and HPKO cells were serum starved overnight,
and a scratch was introduced through confluent cells. Serum-
containing media were reintroduced, and fibroblast migration
was photographed until the wounds closed. The WT cells en-
tered the wound space within 6 h; in contrast, the HPKO
MEFs exhibit little motility, as visualized after 6 h. To quantify
cell migration, cell motility was measured after 9 h of wound-
ing. The WT cells migrated across �73% of the wound in
contrast to HPKO fibroblasts, which showed migration across
�20% of the wound (Fig. 3B). Moreover, transfection of the
full-length dematin construct in HPKO cells partially rescued
the cell migration phenotype (data reviewed but not shown).
The relative motility defect remained unaltered irrespective of
whether the cells were plated on FN or collagen-I, although the
overall motility was somewhat reduced on both substrates
(Fig. 3B).

Wound healing is impaired in HPKO mice. An in vivo
wound healing assay was performed with WT and HPKO mice
by generating six 3-mm wounds through the skin of each
mouse. By day 3, WT wounds were moderately healed but, in
the HPKO mice, the wounds appeared to show evidence of
significant inflammation (Fig. 3C). By day 7, WT mouse
wounds had almost completely healed, whereas HPKO mouse
wounds were larger, showing significant inflammation (Fig.
3C). Tissues were harvested and sectioned from mice of both

genotypes, followed by HE staining. The HE staining revealed
that the HPKO mice show pronounced defects in fibroblast
migration and granulation in the dermis, which were observed
in tissues harvested from both day 3 and day 7 specimens
(Fig. 3D).

Enhanced adhesion and FAK activation in HPKO fibro-
blasts. The adhesion of WT and HPKO fibroblasts to FN and
collagen-I was determined using a crystal violet adhesion assay
(Fig. 3E). With increasing concentrations of FN/collagen-I, the
WT and HPKO cells adhered more, as represented by an
increase in the absorbance. The HPKO cells show an �1.5-fold
increase in cell adhesion to FN (Fig. 3E), suggesting that the
HPKO MEFs adhere better to the extracellular matrix than
WT cells. To investigate this further, immunodetection of focal
adhesion complexes was performed after plating the fibroblasts
overnight. Upon adhesion to FN, larger and more-elongated
focal adhesions are formed in the HPKO MEFs (Fig. 3F).
Activation of FAK was determined by measuring its phosphor-
ylation at tyrosine 397. The WT cell lysates show a weaker
pFAKY397 band after 60 min of adhesion than HPKO cell
lysates. FAK activation increased with time of adhesion of
HPKO fibroblasts, showing an �1.7-fold increase in FAK
phosphorylation after overnight adhesion (Fig. 3G).

HPKO fibroblasts exhibit increased RhoA activation and
membrane translocation. Rac1 and Cdc42 activation assays
were performed using glutathione S-transferase (GST)–p21-
activated kinase binding domain beads, and the RhoA activa-

FIG. 3. Motility and adhesion defects in HPKO fibroblasts. (A) Scratch-induced motility assay of WT and HPKO (KO) MEFs. Dotted lines
represent the wound edge. (B) Quantification of cell motility of WT and HPKO MEFs plated on glass, FN, and collagen-I. (C) Photographs of
dermal wounds in WT and HPKO mice after 0, 3, and 7 days of wounding. (D) Quantification of wound reepithelialization (RE-EPI) and
granulation (GRAN). HE staining of WT and HPKO wound sections after 3 and 7 days of wounding is shown. C, clot; E, epithelial layer; EL,
epithelial lip; D, dermis; WB, wound bed; HF, hair follicle; M, skeletal muscle. (E) Crystal violet adhesion assay. (F) Immunofluorescence of
F-actin (green) and focal adhesions using FAK-A17 (red) in WT and HPKO MEFs plated overnight. Magnification, �20. The bottom panels show
magnification of the above panels (magnification, �60). (G) Western blot of WT and KO cells plated and analyzed for adhesion using FAK
phosphorylated at Y397. O/N, overnight.
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tion assay was performed using GST-rhotekin-RhoA binding
domain (RBD) beads. Lysates of MEFs plated at multiple time
points revealed that Rac1 and Cdc42 activation is not altered
in the HPKO fibroblasts (data not shown). In contrast, RhoA
activation was significantly enhanced in HPKO fibroblasts,
with the greatest difference observed during the initial phase of
adhesion and spreading (30 min to 3 h) (Fig. 4A). Further-
more, phosphorylation of myosin light chain, a downstream
effector of RhoA, was increased by �45% at Thre-18 and
Ser-19 residues, as determined by Western blotting, suggesting
that the downstream signaling from RhoA is also perturbed in
the HPKO fibroblasts (data not shown). To determine if the
increased RhoA activation was due to an adhesion-dependent
event or due to growth factor dependence, cells were serum
deprived overnight and replated for 3 h. Under serum-free
conditions, the HPKO fibroblasts continue to show an approx-
imately twofold increase in RhoA activation at 30 min (data
reviewed but not shown) and 3 h; however, this difference
disappeared after overnight plating (Fig. 4A). To further in-
vestigate if dematin modulates the translocation of RhoA to
the membrane, cellular fractionation assays were performed.
In WT cells plated for 3 h, the RhoA translocated to the
membrane and was activated. In contrast, the HPKO fibro-
blasts showed an approximately twofold increase of activated
RhoA in the membrane fraction (Fig. 4B). Furthermore,
RhoA hyperactivation in the dematin-expressing HPKO fibro-
blasts appears to be a conserved phenomenon, as a similar
activation of RhoA was observed in the primary HPKO mouse
adipocytes, as quantified by a GTPase-linked immunosorbent
assay (data reviewed but not shown). These observations sug-
gest that dematin functions as a negative regulator of RhoA
activation and may participate in the activation and transloca-
tion of RhoA to the membrane compartments.

Dematin-mediated suppression of RhoA activation. RhoA
activation was measured in the WT and HPKO fibroblasts
transfected with the full-length, core domain, and headpiece

domain constructs of dematin. WT fibroblasts transfected with
the full-length dematin and headpiece domain did not show
any significant reduction in RhoA activation. Interestingly,
transfection of the core domain resulted in hyperactivation of
RhoA (Fig. 4C). This result suggests a dominant-negative ef-
fect of the core domain in WT fibroblasts. In contrast, the
HPKO fibroblasts transfected with the full-length dematin
showed a significant decrease in RhoA activation (Fig. 4C).
Interestingly, the transfection of HPKO cells with the head-
piece and core domains did not affect RhoA activation, con-
sistent with the morphology rescue experiments. Finally, the
RNAi-induced knockdown of dematin in WT cells caused an
approximately twofold increase in RhoA activation (Fig. 4D).
Additionally, the knockdown of the residual core domain in
HPKO fibroblasts by using siRNAs RC2 and the RC1/RC2
combination had no effect on RhoA activation. This result
suggests that the activation of RhoA in HPKO fibroblasts is
due to a null effect instead of the “gain-of-function” effect from
the remaining core domain.

Dematin acts upstream of RhoA and FAK. To determine if
RhoA hyperactivation persists in the HPKO fibroblasts upon
inhibition of FAK, we used FRNK, the dominant-negative
FAK-related nonkinase. WT and HPKO cells were transfected
with FRNK overnight, replated for 3 h, and analyzed for RhoA
activation (Fig. 5A). As expected, the WT cells transfected
with FRNK showed hyperactivation of RhoA whereas the
HPKO cells transfected with FRNK showed enhanced RhoA
activation (Fig. 5A). This result suggests that dematin induces
FAK activation through RhoA. To further substantiate this
observation, the HPKO cells were treated with Rho kinase
inhibitor Y27632 and then analyzed for FAK activation, as
measured by FAK phosphorylation at tyrosine 397 (Fig. 5B).
Inhibition of RhoA in HPKO cells caused a significant reduc-
tion in the activation of FAK. Moreover, the treatment of
HPKO cells with a cell-permeable RhoA inhibitor C3-exoen-
zyme resulted in the rescue of the morphology defect (Fig. 5C).

FIG. 4. Increased RhoA activation in HPKO fibroblasts. (A) GST-rhotekin-RBD pulldown assay using WT and HPKO (KO) cell lysates plated
at several time points in serum-containing media or plated under serum-starved (SS) conditions. A representative blot of multiple experiments and
quantification of RhoA activation in WT and HPKO cells are shown. O/N, overnight; CTL, control. (B) Cellular fractionation of WT and KO
MEFs. A representative Western blot showing RhoA activation in the cytosolic (C) and membrane (M) fractions using a rhotekin-RBD pulldown
assay and quantification of RhoA activation in the cytosolic and membrane fractions are shown. (C) Western blot of WT and HPKO cell lysates
transfected with full-length (FL) dematin or the headpiece (HP) or core domain (CD) of dematin, followed by pulldown with rhotekin-RBD.
(D) Rhotekin-RBD pulldown of dematin siRNA-treated WT and HPKO cell lysates.
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Together, these data imply that dematin acts upstream of
RhoA, resulting in the activation of FAK in the primary fibro-
blasts.

DISCUSSION

This paper presents the first evidence for a biological func-
tion of dematin in fibroblasts, demonstrating its critical role in
cell shape changes, motility, adhesion, and wound healing
pathways. Importantly, our studies unveil a hitherto-unknown
function of dematin in the regulation of RhoA activation. The
morphology defect observed in the HPKO fibroblasts demon-
strates a functional role for dematin in the suppression of the
spiky shape phenotype (Fig. 1). In WT fibroblasts, dematin is
found in the perinuclear, cytoplasmic, and membrane compart-
ments, with little overlap with actin (Fig. 1). This observation
suggests that the physiological role of dematin in nonerythroid
cells may be independent of its direct interaction with actin
filaments. The enhanced membrane protrusions and increased
stress fiber formation in the HPKO fibroblasts are features that
are consistent with the activation of Rho family GTPases. The
reduced motility of dematin-expressing HPKO fibroblasts was
maintained with various adhesion proteins, implying that the
motility defect is not influenced by the adhesive signals ema-
nating from the extracellular matrix and is a consequence of
inside-out signaling rather than the outside-in signals.

The in vitro motility defect of dematin-expressing HPKO
fibroblasts translated into an in vivo wound healing defect (Fig.
3). It is unlikely that the motility defect alone can explain the
highly complex wound healing phenotype, as the in vivo defect

is likely to be a culmination of multiple abnormalities, includ-
ing impaired fibroblast migration, collagen secretion, neovas-
cularization, and/or leukocyte migration. The HPKO mice dis-
play a mild form of hemolytic anemia and spherocytosis.
Although it is unlikely that the underlying anemia would have
a significant effect on the wound healing phenotype, it is plau-
sible that a number of factors such as the keratinocyte migra-
tion and wound reepithelialization mediated by the muscarinic
receptors could contribute to the observed phenotype by in-
tersecting with the RhoA signaling pathway (9). Alternatively,
the wound healing defect could be explained by the enhanced
FAK activation and increased cell adhesion of HPKO cells to
the extracellular matrix proteins. FAK activation can occur via
multiple signaling pathways, including adhesion-dependent in-
tegrin-mediated signaling and cues from the lysophosphatidic
acid receptor (19, 20). Phosphorylated pFAKY397 binds to Src,
resulting in stable FAK-Src complexes, thus recruiting paxillin
and talin to focal adhesions (8, 26, 30). In fact, FAK activation
could also activate p190RhoGAP, resulting in RhoA suppres-
sion (14). Together, a complex array of signaling events can
regulate the wound healing defect observed in the dematin-
expressing HPKO mice.

Among the Rho family of GTPases involved in actin cy-
toskeleton rearrangements, RhoA emerged as the specific tar-
get of dematin in fibroblasts. Moreover, the inhibition of FAK
by dominant negative FRNK did not affect RhoA hyperacti-
vation in the HPKO fibroblasts, and pharmacological inhibi-
tion of Rho kinase caused suppression of FAK activation (Fig.
5). These observations suggest that dematin-mediated suppres-
sion of RhoA is independent of FAK activation. Although the

FIG. 5. Dematin regulates FAK activation through RhoA. (A) WT and HPKO (KO) MEFs transfected with an empty vector or with FRNK
followed by a rhotekin-RBD pulldown assay. (B) Western blot of WT and KO MEFs treated with Y27632 and blotted for pFAKY397 and FAK
as a loading control (CTL). (C) Cell morphology of WT and HPKO fibroblasts treated with C3 toxin for 1 h and replated for 3 h. Actin staining
by phalloidin (red) is shown. Magnification, �10. (D) Proposed signaling model of RhoA suppression by dematin. GEF, guanine nucleotide
exchange factor.
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precise mechanism of dematin-mediated suppression of RhoA
activation is not known at present, several models could be
invoked to account for RhoA suppression by dematin (Fig. 5).
In principle, dematin may bind to the DH domain of a RhoA-
guanine nucleotide exchange factor, thus inhibiting its activity
for RhoA activation, a feature consistent with the interaction
of dematin with RasGRF2 (21). Alternatively, dematin may
function as a novel guanine nucleotide dissociation inhibitor
(GDI) or may bind to a known GDI, akin to the binding of
GDI with the cytoskeletal proteins ezrin, radixin, and moesin,
which are known to regulate Rho GTPases (12, 28). In addi-
tion, dematin may also anchor the GDI-RhoA-GDP complex
in the cytosol by its association with the actin filaments. The
loss of the dematin headpiece would then result in the release
of RhoA-GDP to interact with RhoA-guanine nucleotide ex-
change factor, thus converting RhoA into an active sate. It is
also reasonable to speculate that the phenotypes observed in
the HPKO cells are regulated by a biochemical cascade involv-
ing several steps in addition to those that we have proposed in
Fig. 5. In summary, our findings provide the first evidence that
dematin may function as a suppressor of RhoA activation in
fibroblasts. Since homologues of dematin are found in a variety
of tissues, it is likely that dematin’s inhibitory activity against
RhoA would be a widely conserved mechanism. The abun-
dance of both dematin and RhoA in the erythrocyte membrane
also raises the possibility that novel features of this inhibitory
switch could be further delineated by applying the powerful
techniques of red cell biochemistry in future studies.
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